Introduction
============

Recent progress in the identification of tumor-specific molecular alterations has contributed to novel therapeutic approaches, and the development of molecular-targeting anti-tumor drugs has improved patient survival. For example, epidermal growth factor receptor (EGFR)-targeted therapy for non-small cell lung cancer (NSCLC) cases harboring *EGFR* oncogenic alterations is a promising strategy for improving the clinical outcome of patients with NSCLC ([@b1-ol-0-0-9908],[@b2-ol-0-0-9908]).

Human epidermal growth factor receptor 2 (HER2) is part of the ErbB family of receptor tyrosine kinases. HER2 is activated by homodimerization or heterodimerization with other receptors in the ErbB family, particularly EGFR ([@b3-ol-0-0-9908]). HER2 has important roles in pathogenesis of certain types of human cancer, and numerous studies have reported the amplification and overexpression of HER2 in cancer, particularly breast cancer ([@b4-ol-0-0-9908]--[@b6-ol-0-0-9908]). The reported frequencies of HER2 overexpression and *HER2* amplification in NSCLC range from 11--32 and 2--23%, respectively ([@b7-ol-0-0-9908]--[@b10-ol-0-0-9908]). *HER2* mutations have been identified in 2--4% of all NSCLCs, and are usually mutually exclusive with other driver mutations ([@b11-ol-0-0-9908],[@b12-ol-0-0-9908]). Several *HER2* variants have been reported previously, the majority of which are in-frame insertions in exon 20 of the kinase domain, including A775insYVMA, G776VC, P780insGSP and G776LC ([@b12-ol-0-0-9908]). Our previous study identified two novel mutations in the HER2 transmembrane domain, which is encoded by exon 17 (V659E and G660D), as rare HER2 variants in lung adenocarcinoma, and the preliminary data suggested that these mutations may be oncogenic ([@b13-ol-0-0-9908]). An extracellular domain point mutation, S310F, in exon 8 has also been reported to be oncogenic ([@b14-ol-0-0-9908]). However, the benefit of HER2-targeted therapy against NSCLC harboring *HER2* alterations is far less well defined than the known benefit against breast cancer and gastric cancer with *HER2* alterations ([@b15-ol-0-0-9908]).

Afatinib (BIBW 2992) is a pan-HER tyrosine kinase inhibitor (TKI) that has been approved for the treatment of patients with NSCLC harboring EGFR mutations. Recently, afatinib has attracted attention as a HER2-targeting treatment agent. Afatinib was reported to exhibit good clinical activity in patients with lung adenocarcinoma carrying *HER2* mutations ([@b16-ol-0-0-9908],[@b17-ol-0-0-9908]). In preclinical studies, afatinib inhibited the growth of *HER2*-altered NSCLC cells ([@b18-ol-0-0-9908]).

Neratinib (HKI-272) is another pan-HER TKI that has been reported to improve the overall survival of post-operative patients with HER2-positive breast cancer previously treated with trastuzumab-based adjuvant therapy ([@b19-ol-0-0-9908]). A phase II clinical trial (PUMA-NER-4201) evaluating the usefulness of neratinib combined with the mechanistic target of rapamycin kinase inhibitor temsirolimus for patients with NSCLC harboring *HER2*-mutations (insertions in exon 20) in currently ongoing; patient accrual has been completed, and the final results of the trial are being awaited ([@b20-ol-0-0-9908],[@b21-ol-0-0-9908]). Thus far, the available data is limited, and the benefits of neratinib treatment remain unclear, particularly for cases with relatively rare mutations. Therefore, the aim of the present study was to investigate the potential use of neratinib against HER2-altered NSCLC, including cases with relatively uncommon mutations.

Materials and methods
=====================

### Cell lines and reagents

Four lung cancer cell lines (A549, Calu-3, NCI-H2170 and NCI-H1781) and one normal human bronchial epithelial cell line (BEAS-2B) were used in the current study. Calu-3, H2170 and H1781 cells were received as gifts from Dr Adi F. Gazdar (University of Texas Southwestern Medical Center at Dallas, Dallas, TX, USA) ([@b22-ol-0-0-9908],[@b23-ol-0-0-9908]). A549 was purchased from American Type Culture Collection (Manassas, VA, USA). BEAS-2B was purchased from European Collection of Authenticated Cell Cultures (Public Health England, Porton Down, UK). All the cancer cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), and the BEAS-2B cells were maintained in Dulbecco\'s modified Eagle\'s medium supplemented with 10% FBS. They were cultured in a humidified atmosphere containing 5% CO~2~ at 37°C. Neratinib and erlotinib were purchased from Selleck Chemicals (Houston, TX, USA).

### Plasmid constructs and transfection

Human cDNAs encoding full-length HER2 (wild-type and its variants, A775insYVMA, G776VC, G776LC, P780insGSP, V659E, G660D and S310F) were inserted into the pIDT-SMART (C-TSC) vector, pCMViRTSC ([@b24-ol-0-0-9908]). Transient transfection of the BEAS-2B cells with the mammalian expression vectors was performed using Lipofectamine^®^ 3000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer\'s protocol.

### Western blot analysis and immunohistochemistry

Total cell lysates were extracted using a mixture of radioimmunoprecipitation assay lysis buffer, phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and Complete Mini protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Western blot analysis was performed using the conventional method with the following primary antibodies: Anti-EGFR (4267S; 1:1,000), phospho-(p-) EGFR (Tyr1068) (3777S; 1:1,000), HER2 (4290S; 1:1,000), p-HER2 (Tyr1221⁄1222) (2243S; 1:1,000), Akt (9272S; 1:1,000), p-Akt (Ser473) (4060S; 1:1,000), p44⁄p42 mitogen-activated protein kinase (MAPK) (9102S; 1:1,000), p-p44⁄p42 MAPK (4370S; 1:1,000), cleaved poly (ADP-ribose) polymerase (PARP; Asp214) (5625S; 1:1,000) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). β-actin (used as loading control) (MAB1501R; 1:1,000) was purchased from EMD Millipore (Billerica, MA, USA). The secondary antibodies were horseradish peroxidase-conjugated anti-mouse IgG (sc-2031; 1:2,500) or anti-rabbit IgG (sc-2030; 1:2,500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA).

To detect specific signals, the membranes were examined using the ECL Prime Western Blotting Detection System (GE Healthcare Life Sciences, Little Chalfont, UK) and a LAS-3000 imager (Fujifilm, Tokyo, Japan). Immunohistochemical staining with anti-p-HER2 (1:300 Y1221/1222; Cell Signaling Technology, Inc.) was conducted. The detailed protocol for the immunohistochemical staining has been described previously ([@b25-ol-0-0-9908]).

### Cell growth inhibition assay

Cells were cultured with or without the appropriate drugs for 72 h and the sensitivities of the cells to the drugs were determined via a modified MTS assay using Cell Titer 96 Aqueous One Solution Reagent (Promega Corporation, Madison, WI, USA), as described previously ([@b26-ol-0-0-9908]). The anti-proliferative activity of each drug is presented as the IC~50~, which is the concentration of the drug required to inhibit cell proliferation by 50%.

### Cell cycle analysis

The effects of neratinib on the cell cycle distribution were assessed using a propidium iodide staining-based assay (CycleTEST PLUS DNA reagent kit; BD Biosciences, Franklin Lakes, NJ, USA) and a BD Accuri C6 flow cytometer (BD Biosciences). Doublets, cell debris and fixation artifacts were gated out, and cell cycle analysis was performed.

### Xenograft model

NOD/SCID female mice \[n=18, body weight (mean ± standard)=19.9±0.6 g, 6-weeks-old\] were purchased from Charles River Laboratories, Inc. (Wilmington, MA, USA). All the mice were provided with sterilized food and water, and housed in a barrier facility under a 12:12-h light/dark cycle. Each cell line (5×10^6^ cells) was suspended in 200 µl RPMI-1640 medium mixed with Matrigel Basement Membrane Matrix (Corning Incorporated, Corning, NY, USA) and subcutaneously injected into the backs of the mice. The tumor volume was calculated using the empirical formula, V=1/2 × \[(shortest diameter)^2^ × (longest diameter)\]. When the tumor volume exceeded \~50 mm^3^, the mice were orally administered with vehicle alone or neratinib (40 mg⁄kg, 6 days a week). Neratinib was prepared in 0.5 w/v (%) methyl cellulose. The tumor volume was measured three times a week using calipers. After 4 weeks of treatment, or when humane endpoints were reached, mice were euthanized by cervical dislocation.

All animal experiments were performed in accordance with protocols approved by the Animal Care and Use Committee of Okayama University (Okayama, Japan; permission no. OKU-2018215) and were conducted in accordance with recent legislation of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

### Statistical analysis

Statistical analysis was performed using EZR software (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). EZR is a modified version of R commander software (version 1.6--3) with additional statistical functions frequently used in biostatistics ([@b27-ol-0-0-9908]). Data from two groups were compared using t-test. All tests were two-sided. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### HER2 mutations activate HER2 signaling, which is inhibited by neratinib

To examine the effect of *HER2* alterations on the signal transduction pathways, normal bronchial epithelial cells (BEAS-2B) were transiently transfected with vectors containing wild-type HER2 or one of seven *HER2* mutations: Four kinase domain mutations (A775insYVMA, G776VC, G776LC, and P780insGSP), two transmembrane domain mutations (V659E and G660D) and one extracellular domain mutation (S310F).

The sensitivity of BEAS-2B cells ectopically expressing wild-type or mutant *HER2* to erlotinib (an EGFR-TKI) or neratinib (a pan-HER-TKI) was examined. At 48 h after transfection, the cells were cultured in the presence or absence of erlotinib or neratinib for 6 h. Erlotinib had minimal effect on the phosphorylation of HER2 and EGFR, whereas neratinib strongly inhibited the phosphorylation of HER2 and EGFR compared with untreated cells ([Fig. 1](#f1-ol-0-0-9908){ref-type="fig"}). These results suggest that the *HER2* alterations were activating mutations and that neratinib treatment had an inhibitory effect on HER2 activation. Furthermore, the activation of EGFR via cross-phosphorylation of HER2 was not suppressed by erlotinib treatment.

### Neratinib inhibits the growth of HER2-amplified and HER2-mutant lung cancer cells

The anti-tumor activity of neratinib (a pan-HER-TKIs) and erlotinib (an EGFR-TKI) against HER2-driven NSCLC cell lines was subsequently examined ([Table I](#tI-ol-0-0-9908){ref-type="table"}; [Fig. 2B](#f2-ol-0-0-9908){ref-type="fig"}). The cell lines in this panel consisted of two *HER2*-amplified NSCLC cell lines (H2170 and Calu-3) and one *HER2*-mutant NSCLC cell line (H1781). The detailed *HER2* genetic profiles of these three cell lines are presented in [Table I](#tI-ol-0-0-9908){ref-type="table"} based on the results of a previous study ([@b18-ol-0-0-9908]). The proliferation of the two *HER2*-amplified lung cancer cell lines, H2170 and Calu-3, was inhibited by neratinib, with IC~50~ values of 4.7 and 16.5 nM, respectively. Neratinib also exerted a strong cytotoxic effect against the H1781 cells, with an IC~50~ of 13.6 nM. By contrast, the H2170 and H1781 cell lines were resistant to erlotinib treatment, with IC~50~ values of 1150 and 1080 nM, respectively. Calu-3 cells were partially sensitive to erlotinib, with an IC~50~ of 316 nM. These results were consistent with those of a previous report ([Table I](#tI-ol-0-0-9908){ref-type="table"}; [Fig. 2A](#f2-ol-0-0-9908){ref-type="fig"}) ([@b28-ol-0-0-9908]).

Subsequently, the effect of neratinib on signal transduction pathways in *HER2*-amplified or *HER2*-mutant lung cancer cells was assessed. After 6 h of treatment with neratinib, the cells were lysed and then subjected to western blot analysis. As demonstrated in [Fig. 2B](#f2-ol-0-0-9908){ref-type="fig"}, neratinib potently inhibited the phosphorylation of HER2 and EGFR when administered at concentrations as low as 0.01 µM, and downstream signals, including phosphorylation of Akt and MAPK, were also inhibited by neratinib in the *HER2*-amplified and the *HER2*-mutant lung cancer cells. Taken together, these results suggest that neratinib has strong anti-tumor activity against *HER2*-amplified and *HER2*-mutant lung cancer cells *in vitro*.

### Neratinib induces cell cycle arrest and apoptosis in HER2-dependent cells

The effect of neratinib on the cell cycle and apoptosis in HER2-driven cells (H2170, Calu-3 and H1781) and *KRAS* mutant cells (A549) was also examined to determine the mechanism of growth inhibition. Cells were treated with 0.1 µM neratinib for 48 h and then analyzed using flow cytometry. To assess the cell cycle distribution, the sub-G1 fraction was excluded and the percentage of cells in each cycle phase was measured ([Fig. 3A](#f3-ol-0-0-9908){ref-type="fig"}). Neratinib treatment caused an increase in the number of H2170, Calu-3 and H1781 cells in G1 phase compared with the distribution in untreated cells; a similar increase was not detected in A549 cells. Subsequently, western blotting was performed to evaluated cell apoptosis, using cleaved PARP antibody as an apoptosis marker. Neratinib induced apoptosis in the H2170, Calu-3 and H1781 cells; however, an increase in cleaved PARP was not detected in A549 cells following neratinib treatment ([Fig. 3B](#f3-ol-0-0-9908){ref-type="fig"}). These results suggest that neratinib induces anti-proliferative effects via G1 arrest and apoptotic cell death in HER2-altered cells (H2170, Calu-3 and H1781 cells), whereas HER2-independent NSCLC cells were not sensitive to neratinib.

Anti-tumor effect of neratinib in a mouse xenograft model of HER2-altered lung cancer. Based on the *in vitro* data, the anti-tumor effect of neratinib was investigated using mouse xenograft models of *HER2*-driven lung cancer. Two *HER2*-amplified (H2170 and Calu-3) cell lines and one *HER2*-mutant (H1781) cell line were used for this experiment. The dose of neratinib was selected based on the results of previous reports ([@b29-ol-0-0-9908],[@b30-ol-0-0-9908]). Once the xenograft tumor volume reached \~50 mm^3^, the mice were orally treated with the vehicle alone or neratinib (40 mg⁄kg, 6 days a week). As demonstrated in [Fig. 4](#f4-ol-0-0-9908){ref-type="fig"}, neratinib treatment significantly inhibited the tumor growth of the H2170, Calu-3 and H1781 ×enografts compared with the vehicle control (P\<0.001). In the H2170 ×enograft group treated with the vehicle control, the mice were sacrificed on day 18, as the tumor volumes had reached the humane endpoint (\~2,000 mm^3^). The levels of p-HER2 in the xenografts were examined using immunohistochemistry. The level of p-HER2 was suppressed in tumors from mice treated with neratinib compared those that received the vehicle control ([Fig. 4G-I](#f4-ol-0-0-9908){ref-type="fig"}).

Discussion
==========

The findings of the current study demonstrated the *in vivo* and *in vitro* anti-tumor efficacy of neratinib against lung cancer cells harboring HER2 alterations. Neratinib is an irreversible human EGFR-TKI that also binds to the tyrosine kinase domains of HER2 and HER4. In patients with breast cancer, neratinib treatment has improved overall survival among post-operative patients with HER2-positive breast cancer previously treated with trastuzumab, and neratinib has been approved for extended adjuvant treatment in patients with early-stage HER2-positive breast cancer ([@b19-ol-0-0-9908]). By contrast, only a few reports have discussed the efficacy of neratinib against NSCLC. Furthermore, recent advances in clinical tumor sequencing have identified a large number of variants in oncogenic driver genes with unknown significance, including *EGFR, anaplastic lymphoma kinase* and *HER2* variants. Heterogeneity among the functions and/or drug sensitivities of tumors with these mutations has been reported. Notably, suitable TKI selection for patients with individual oncogene variants, including relatively rare mutations, has been proposed ([@b31-ol-0-0-9908]). Thus, further preclinical and clinical investigations of patients with tumors harboring uncommon *HER2* gene variants are warranted.

In the current study, neratinib inhibited the growth of cells harboring *HER2* mutations in the transmembrane domain, extracellular domain and kinase domain. Although neratinib has been previously reported to inhibit the growth of cells harboring *HER2* mutations in the kinase domain, to the best of our knowledge, there are no reports of neratinib inhibiting the growth of cells with *HER2* mutations in the transmembrane and extracellular domains ([@b32-ol-0-0-9908]). Genomic and functional analyses have suggested that mutations in the transmembrane domain of *HER2* encoded by exon 17 (V659E and G660D) are oncogenic in lung adenocarcinoma. Additionally, although the variant rate is low, mutations in the extracellular domain (such as S310F) are also considered to be oncogenic alterations in lung adenocarcinoma ([@b14-ol-0-0-9908]). For cells harboring mutations in the extracellular domain, anti-HER2 monoclonal antibodies, such as trastuzumab, can target this region of the receptor and prevent homo-dimerization and receptor activation ([@b33-ol-0-0-9908]). However, because the kinase domain is constitutively activated in tumors harboring kinase domain mutations, the anti-proliferative effects of monoclonal antibodies may be limited even if dimerization is inhibited ([@b34-ol-0-0-9908]). The effect of trastuzumab and other antibodies may also be limited in tumors harboring mutations in the transmembrane domain, as HER2 dimerization is thought to be stable even if trastuzumab or other antibodies bind to the extracellular domain ([@b35-ol-0-0-9908]). On the other hand, neratinib targets the kinase domain of HER2 and inhibits the phosphorylation and activity of HER receptors, and therefore may have a therapeutic advantage over trastuzumab and other monoclonal antibodies, as neratinib can exert anti-tumor effects regardless of the domain in which the mutations exist, as demonstrated in the present report. Although *HER2* mutations in the extracellular domain are rare ([@b36-ol-0-0-9908]), neratinib may be a useful therapeutic option in patients with such mutations.

The findings of the present study demonstrated the efficacy of neratinib against NSCLC cell lines harboring several *HER2* variants. The anti-tumor activity of neratinib was also evaluated in a mouse xenograft model using lung cancer cells with *HER2* amplification or *HER2* mutation. To the best of our knowledge, this is the first report of *in vivo* experiments using neratinib for mouse xenograft models of lung cancer cells harboring *HER2* amplification or *HER2* mutations.

In conclusion, the anti-tumor effect of neratinib against lung cancers harboring *HER2* alterations was demonstrated *in vitro* and *in vivo*. The findings suggest that neratinib has potential as a promising therapeutic option for the treatment of *HER2*-altered NSCLC.
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![Overexpression of wild-type or mutant *HER2* activates HER2 signaling, and neratinib inhibits this signaling pathway. BEAS-2B cells were transiently transfected with WT HER2, A775insYVMA, G776VC, G776LC, P780insGSP, G660D, V659E or S310F mutants, or vector control. At 48 h post-transfection, cells were treated with 1.0 µM erlotinib or 0.1 µM neratinib for 6 h. Cells were cultured with media supplemented with fetal bovine serum. Lysates were subjected to western blot analysis using the indicated antibodies. HER2, human epidermal growth factor receptor 2; WT, wild-type; p-, phosphorylated; EGFR, epidermal growth factor receptor.](ol-17-03-2729-g00){#f1-ol-0-0-9908}

![Neratinib inhibits *HER2*-amplified and *HER2*-mutant non-small cell lung cancer. (A) *HER2*-amplified and *HER2*-mutant non-small cell lung cancer cells were treated with neratinib or erlotinib for 72 h and the half-maximal inhibitory values were determined using an MTS assay. Error bars indicate the standard deviation. (B) Cells were treated with the indicated concentrations of neratinib for 6 h and the cell lysates were subjected to western blot analysis with the indicated antibodies. HER2, human epidermal growth factor receptor 2; p-, phosphorylated; EGFR, epidermal growth factor receptor; AKT, protein kinase B; MAPK, mitogen activated protein kinase.](ol-17-03-2729-g01){#f2-ol-0-0-9908}

![Neratinib induces cell cycle arrest and apoptosis in *HER2*-dependent lung cancer cells. (A) Cells were treated with 0.1 µM neratinib for 48 h and subjected to cell cycle analysis using flow cytometry. The graph represents the percentages of each phase in live cells (mean ± standard deviation) of triplicate cultures. \*P\<0.05 vs. neratinib non-treated cells. (B) Cells were treated with 0.1 µM neratinib, then lysates were collected and subjected to western blot analysis with the indicated antibodies. HER2, human epidermal growth factor receptor 2; PARP, poly (adenosine diphosphate-ribose) polymerase.](ol-17-03-2729-g02){#f3-ol-0-0-9908}

![Neratinib exhibits a strong tumor growth inhibitory effect in a mouse xenograft model of *HER2*-altered lung cancer cells. Mice with (A) H2170, (B) Calu-3 and (C) H1781 tumors were treated with vehicle or neratinib. Tumor volumes were determined on the indicated days following the onset of treatment. Data are presented as the mean ± standard (n=6). \*P\<0.05 vs. control. Appearance of (D) H2170, (E) Calu-3 and (F) H1781 tumors following treatment at the time the mice were sacrificed. Representative images of immunohistochemical staining in (G) H2170, (H) Calu-3 and (I) H1781 tumors resected from xenograft model mice. In the H2170 ×enograft group treated with the vehicle control, the mice were sacrificed on day 18 for humane reasons as the tumor volumes had reached \~2,000 mm^3^. Scale bars, 100 µm. HER2, human epidermal growth factor receptor 2; p-, phosphorylated; H&E, hematoxylin and eosin.](ol-17-03-2729-g03){#f4-ol-0-0-9908}

###### 

Characteristics and IC~50~ values for pan-HER tyrosine kinase inhibitor and EGFR tyrosine kinase inhibitor in non-small cell lung cancer cell lines.

                Gene copy number   Mutation status        IC~50~ (nM)                                  
  -------- ---- ------------------ ----------------- ---- ------------- ---------------------- ------- -------
  H2170    SQ   2                  95                WT   WT            *HER2* amplification     4.7   1,150
  Calu-3   AD   4                  111               WT   WT            *HER2* amplification   16.5    316
  H1781    AD   2                  3                 WT   G776VC        *HER2* mutation        13.6    1,080

SQ, squamous cell carcinoma; AD, adenocarcinoma; IC~50~, half-maximal inhibitory concentration; WT, wild-type; HER2, human epidermal growth factor receptor 2; EGFR, epidermal growth factor receptor.
